The methylation of cytosines shapes the epigenetic landscape of plant genomes, coordinates transgenerational epigenetic inheritance, represses the activity of transposable elements (TEs), affects gene expression and, hence, can influence the phenotype. Sugar beet (Beta vulgaris ssp. vulgaris), an important crop that accounts for 30% of worldwide sugar needs, has a relatively small genome size (758 Mbp) consisting of approximately 485 Mbp repetitive DNA (64%), in particular satellite DNA, retrotransposons and DNA transposons. Genome-wide cytosine methylation in the sugar beet genome was studied in leaves and leafderived callus with a focus on repetitive sequences, including retrotransposons and DNA transposons, the major groups of repetitive DNA sequences, and compared with gene methylation. Genes showed a specific methylation pattern for CG, CHG (H = A, C, and T) and CHH sites, whereas the TE pattern differed, depending on the TE class (class 1, retrotransposons and class 2, DNA transposons). Along genes and TEs, CG and CHG methylation was higher than that of adjacent genomic regions. In contrast to the relatively low CHH methylation in retrotransposons and genes, the level of CHH methylation in DNA transposons was strongly increased, pointing to a functional role of asymmetric methylation in DNA transposon silencing. Comparison of genome-wide DNA methylation between sugar beet leaves and callus revealed a differential methylation upon tissue culture. Potential epialleles were hypomethylated (lower methylation) at CG and CHG sites in retrotransposons and genes and hypermethylated (higher methylation) at CHH sites in DNA transposons of callus when compared with leaves.
INTRODUCTION
The genomes of many plant species have been sequenced and the complexity of their composition has been uncovered at the single-nucleotide level. Since the sequencing of Arabidopsis thaliana in 2000 (Kaul et al., 2000) , reference sequences of many flowering plants and important crops have been generated (reviewed in Bolger et al., 2014) . Sugar beet (Beta vulgaris L.), a relatively young and important crop of temperate climate zones selected in the late 1700s, provides approximately 30% of worldwide sugar needs. It belongs to the genus Beta within the Amaranthaceae (order Caryophyllales) together with the wild beet subspecies B. vulgaris ssp. maritima, the progenitor of all cultivated beets. Recently, the sugar beet genome sequence together with structural gene and repeat annotation features has been published . Its relatively small genome of 714-758 Mbp is distributed on nine metacentric chromosomes (2n = 18) (Paesold et al., 2012) ; 26 923 protein-coding genes have been annotated Weisshaar et al., 2016) that are embedded within a repetitive DNA content of approximately 63-64% (Flavell et al., 1974; Kowar et al., 2016) . Many repetitive DNA sequences, transposable elements (TEs), retrotransposons and DNA transposons have been described and classified. Because repeats are fragmentarily included in the sugar beet reference genome, this bottleneck has recently been overcome by chromatin immunoprecipitation sequencing with antibodies against the sugar beet-specific centromeric variant of histone H3 and the dimethylation of lysine 9 of histone H3 (H3K9me2), uncovering the proportion of repetitive sequences in centromeric chromatin and non-centromeric heterochromatin (Kowar et al., 2016) . Both regions are predominantly enriched with satellite DNA, long terminal repeat (LTR) retrotransposons and DNA transposons of different families and, thus far, a large number of these repeats have been described in detail (Schmidt and Heslop-Harrison, 1998; Weber and Schmidt, 2009; Wenke et al., 2009; Weber et al., 2010 Weber et al., , 2013 Zakrzewski et al., 2010 Zakrzewski et al., , 2011 Zakrzewski et al., , 2013 Zakrzewski et al., , 2014 Menzel et al., 2012; Wollrab et al., 2012; Heitkam et al., 2014; Schwichtenberg et al., 2016) .
In addition to sequencing projects revealing the DNA code of plant genomes, epigenetic modifications as further hallmarks of coding capacity above the arrangement of single nucleotides still remains to be investigated. Epigenetic information comprises cytosine methylation, post-translational modifications of histones or exchange of histone variants, nucleosome occupancy, the regulatory involvement of RNA transcripts, and non-coding RNAs. DNA methylation varies during developmental stages and in different organs (Teyssier et al., 2008) , under conditions of environmental stress and upon callus induction and shoot regeneration in tissue cultures (Stelpflug et al., 2014) , demonstrating its role in the regulation of gene expression and genome stability (Liu et al., 2004; Zemach et al., 2010; Li et al., 2012; Saze et al., 2012) . Therefore, a data resource for cytosine methylation is essential for an in-depth understanding of the structural and functional aspects of chromatin in genes, repeats and genome domains. Genome-wide cytosine methylation analyses at single-nucleotide resolution conducted in the model plant Arabidopsis thaliana (L.) by bisulfite sequencing have allowed the detection of methylation patterns along genes and repeats (Cokus et al., 2008; Lister et al., 2008) . Furthermore, bisulfite sequencing during tomato (Solanum lycopersicum) fruit development has identified differentially methylated regions during ripening (Zhong et al., 2013) . In rice (Oryza sativa), and single-base-resolution maps of cultivated and wild rice methylomes have been generated (Li et al., 2012) . Profiling methods have also been developed, such as reduced representation bisulfite sequencing and methylated DNA immunoprecipitation (Meissner et al., 2005; Stelpflug et al., 2014) . Satellite DNA is a large component of the sugar beet genome (Zakrzewski et al., 2011 Kowar et al., 2016) and, due to problems with assembly of large tandemly repeated arrays of similar DNA units, satellites mostly collapse in the reference sequence. As genome-wide bisulfite sequencing is based on the reference sequence, bias will occur when the methylation pattern of satellite DNA is analyzed. Therefore, satellite DNA methylation has already been intensively investigated independently of the reference sequence by the sequencing of more than a thousand cloned bisulfite converted satellite mono-and multimers (Zakrzewski et al., 2011 Schmidt et al., 2014) .
The DNA methyltransferases DOMAINS REARRANGED METHYLASE 1/2 (DRM1/2), CHROMOMETHYLASE 2 (CMT2) and CHROMOMETHYLASE 3 (CMT3), establish and maintain DNA methylation at CG, CHG and CHH sites with partial redundancy (Sch€ ob and Grossniklaus, 2006; Stroud et al., 2014) . They interact with histone modifications and the RNA interference machinery, as shown in Arabidopsis. In contrast, the maintenance of CG methylation catalyzed by MET1 is independent of small interfering RNAs (siRNAs) and histone modifications. A comparative analysis of methylation along CG, CHG and CHH sites in plants, including Arabidopsis, Populus trichocarpa (black cottonwood), and rice, revealed that the methylation patterns are very similar in flowering plants (Feng et al., 2010) . Local cytosine methylation variations (epialleles) co-localized within repeats and genes can be stably inherited in subsequent generations (Cubas et al., 1999; Calarco et al., 2012; Silveira et al., 2013) . Hypomethylation means that the average methylation frequency of a cytosine in one tissue (such as callus) is lower than that of the same cytosine in another tissue (such as leaves), and vice versa.
Here, we describe the genome-wide methylation patterns and differences at the CG, CHG and CHH sites of sugar beet leaves and callus as detected by comparative genome-wide bisulfite sequencing. Strand-specific cytosine methylation patterns of TEs, including Ty1-copia and Ty3-gypsy retrotransposons, long interspersed nuclear elements (LINEs), and DNA transposons were resolved and compared with genes and between leaves and callus. The methylation in selected TEs and genes was either lower (hypomethylated) or higher (hypermethylated) in callus than in leaves and slight genome-wide hypermethylation was detectable in callus. Differentially methylated genes were mostly affected at symmetric CG and CHG sites, whereas the CHH methylation differences occurred predominantly at repetitive sequences, in particular at DNA transposons.
RESULTS

Comparative analysis of cytosine methylation in leaves and callus
To detect genome-wide levels of methylation at cytosine positions, we applied bisulfite sequencing of DNA originating from sugar beet leaves and callus. In total, 80 751 920 and 689 612 442 Illumina read pairs were generated, obtained from leaf material and callus, respectively. Sequence pairs were mapped against the sugar beet reference sequence with the BISMARK software (Krueger and Andrews, 2011) . Finally, 55 721 961 and 36 557 446 (69% and 61% mapping efficiency) Illumina paired reads could be aligned for leaves and callus, accounting for approximately 15-and 10-fold genome coverage, respectively.
The frequency of cytosine methylation was higher at the CG sites than that at the CHG and CHH sites, with the lowest methylation level at the CHH sites (Table 1) . Furthermore, the genome-wide methylation level at CG, CHG and CHH varied between leaves and callus: 73.6% of CG sites were methylated in leaves compared with 80.0% in callus. The genome-wide methylation level at the CHG sites accounted for 52.5% and 63.1% in leaves and in callus, respectively. Regarding the CHH motif, 10.9% of all sites were methylated in leaves compared with 14.2% in callus. For cytosines of which the sequence context could not be resolved (CN and CHN sites) due to ambiguity or interruption of the reference sequence, the methylation values were 26.7% in leaves and 31.6% in callus.
The methylation frequency of all cytosines in CG, CHG and CHH sites was compared genome-wide between leaves and callus ( Figure 1 ). Due to the strand specificity of the bisulfite sequencing, two scatter plots are displayed for each motif (where OT is the original top strand and OB the original bottom strand). The strong accumulation of data points shown as dots, representing single cytosine sites from the reference sequence, toward the top right corner in both plots indicates high methylation values at the CG sites in leaves and callus ( Figure 1a) . The bimodal distribution on the low and high extremes of the CG methylation level scale for each sample indicates the quality of the bisulfite conversion as a valid result typical for plant samples (Cokus et al., 2008) . Hence, a subset of CG sites is less frequently methylated in leaves and callus, most probably representing CpG sites at active gene promoters (Jones, 2012) . In the case of incomplete bisulfite conversion, a more uniform CG methylation pattern might be displayed rather than the clearly visible distinct patterns of methylated and non-methylated CG positions. The accumulation of cytosine sites detectable in a methylation frequency range of 0-20% for both samples represents sites that are mostly not methylated in leaves and callus. However, the asymmetrically distributed cluster hints at cytosine sites with a higher methylation percentage in callus than in leaves (Figure 1a, arrows) . A similar pattern was visible for methylation frequencies along CHG sites (Figure 1b) . Most CHG sites in leaves and callus were frequently methylated, visible as a strong accumulation of dots toward the top right corner. Similar to CG sites, fewer CHG sites had low methylation levels whereas most CHG cytosines were frequently methylated in callus (Figure 1a and 1b, arrows) . In contrast to the similar symmetric methylation pattern, the scatter plot of the asymmetric CHH methylation differed (Figure 1c ), confirming the low frequency of methylation of most CHH sites and the intermediate to high methylation levels at selected CHH positions, as also observed in Arabidopsis (Cokus et al., 2008) . Most cytosines on both DNA strands had low methylation frequencies, as illustrated by the strong accumulation of many dots toward the bottom left corner. The pattern within the scatter plot of a subset of CHH sites demonstrated that the methylation levels were slightly higher in callus than in leaves.
Transposable elements are characterized by class-specific methylation patterns
To discover to what extent repeats were methylated and which methylation patterns occurred at TEs, we generated average methylation patterns along all repeats annotated in the reference sequence and, additionally, along the upand downstream 1-kb regions ( Figure S1 in the Supporting Information). Methylation frequencies were higher in callus than in leaves. In general, the methylation levels of repeats increased for CG, CHG and CHH sites along the repeat bodies when compared with the adjacent regions of both DNA strands. This observation indicates either the importance of cytosine methylation in symmetric and asymmetric sites for transcriptional repeat silencing and/or the redundancy Dohm et al., 2014) to uncover varying TE methylation patterns. We focused on the analysis of retrotransposons, because they largely populate sugar beet chromosomes in important genomic regions, including the intercalary and pericentromeric heterochromatin as well as the centromeric chromatin (Kowar et al., 2016) . Furthermore, retrotransposons make up 48.71% of the sugar beet reference sequence compared with only 7.87% of DNA transposons . For Ty1-copia retrotransposons, a slight increase in CG and CHG methylation levels was detectable on both DNA strands, whereas the CHH methylation levels were equal to those in the up-and downstream regions (Figure 2 ). Again, methylation of all cytosine sites was higher in callus than in leaves. Ty3-gypsy retrotransposons ( Figure 3 ) and L1/ LINEs ( Figure 4 ) had similar patterns, indicating that the superfamilies of LTR retrotransposons and non-LTR retrotransposons were characterized by strong CG and increased CHG methylation levels when compared with flanking regions, whereas the levels of asymmetric CHH methylation were continuously low. Furthermore, retrotransposons in sugar beet had equal frequencies for symmetric and asymmetric methylation, which was also the case for both callus and leaf samples. In contrast to retrotransposons, TEs belonging to DNA transposons in general were characterized by different methylation patterns (Figure 5) and by a stronger increase of symmetric methylation in the DNA transposon body than in up-and downstream regions. Moreover, CHH methylation levels of DNA transposons were slightly higher than those of the flanking regions, which has not been observed for retrotransposons.
DNA methylation pattern of genes
The genome-wide methylation patterns of genes at CG, CHG and CHH sites were uncovered by quantifying the bisulfite conversion at cytosine positions for both callus and leaf samples. We plotted the average methylation levels against the protein-coding genes and, in addition, along the 1-kb long up-and downstream regions obtained from the sugar beet reference sequence . Comparative diagrams in Figure 6 display the methylation profile and individual OT and OB patterns for each cytosine motif. Relatively high methylation levels were detected for the CG sites, followed by the CHG sites and the less frequent CHH methylation. The average CG methylation pattern for genes was similar between leaves and callus at the upstream and downstream regions and along the gene body on both DNA strands ( Figure 6 ). However, a slight increase in methylation levels was visible in callus. Additionally, high levels of methylation occurred in the 1-kb upstream gene regions. The start of the gene body sequence co-localized with a strong decrease in mean CG methylation levels, as similarly observed in rice (Zemach et al., 2010) . Levels increased to those of adjacent gene regions and decreased again toward the 3 0 -end of the gene. The CG methylation levels in regions just downstream of the gene body reached levels similar to those measured in upstream regions. The CHG methylation pattern of genic regions differed from those of CG methylation ( Figure 6 ). In addition, the general frequency of a cytosine methylation at CHG sites was lower than that of CG methylation. Again, the average methylation frequency in the CHG sites was higher in callus than in leaves. Despite the decreased methylation levels at the start and end of the gene body, the CHG methylation levels did not increase along the gene body to levels detected in the up-and downstream regions, as was the case for CG methylation. The asymmetric CHH methylation patterns of genes in callus and leaves were equal for both DNA strands ( Figure 6 ), but, again, the average methylation levels were higher in callus than in leaves. CHH sites were less frequently methylated than CG and CHG sites, in particular, in up-and downstream regions. Notably, a peculiarity was observed within the CHH methylation patterns: they strongly increased in upstream regions of the gene bodies but decreased immediately before reaching them. A slight increase in methylation levels occurred in downstream flanking regions. Interestingly the gene methylation pattern seems to be a diagnostic feature for the discrimination of introns and intron-flanking regions (mostly exons) ( Figure S2 ). Whereas the pattern was similar in callus and leaves on both DNA strands for the CG, CHG and CHH sites, introns were characterized by higher CG methylation than in adjacent regions (mostly exons). Upstream of introns (i.e. on the intron-exon junction), the CG methylation level continuously decreased to a minimum and strongly increased to high levels at the 5 0 -end of the introns. The CG methylation levels were reduced at the end of the introns. The CHG methylation pattern of introns was distinct from that of the CG methylation, namely it decreased in adjacent regions compared with the internal intron regions ( Figure S2 ). Along the intron body, the CHG methylation levels decreased in a downstream direction. The CHH methylation was reduced from the up-and downstream regions of the intron to a minimum in its internal region. We conclude that the changing methylation patterns of introns and exons are a characteristic epigenetic feature of genes at the cytosine methylation level.
Detection of epialleles: differentially methylated repeats and genes between leaves and callus
To detect TEs and genes that are hypo-or hypermethylated in callus and leaves, we selected cytosine positions that were significantly (P < 0.01) differentially methylated between both samples. Sequences from this group were considered only when a difference in methylation of at least 25% was found (Reizel et al., 2015; Shih et al., 2015) . The total number of strand-specifically affected loci at each cytosine site, classified into hypo-and hypermethylated loci, is given at the gene and repeat levels that are subdivided into class 1 and class 2 TEs and unclassified repeats ( Table 2 ). All differentially methylated cytosine sites and the corresponding affected genes or TEs are provided in Data S1.
In total, 960 genes showed significant differences in methylation between callus and leaves. Both DNA strands contained an almost equal number of affected genes. Most notably, the highest number of genes was detected for the CHG motif: on both DNA strands, 631 genes were differentially methylated, followed by 311 genes for the CG sites and only 18 genes on asymmetric CHH sites.
In contrast, the vast majority (13 013) of repeats were differentially methylated between callus and leaves at the CHH sites, whereas only 2765 and 1130 repeats were affected at the CHG and CG sites, respectively. For all retrotransposon superfamilies analyzed, most elements varied significantly at the CHG sites (861 elements), followed by the CHH sites (576 elements), but only a few elements differed in methylation at the CG sites (108 elements), in contrast to methylation changes along DNA transposons. Whereas 220 and 153 elements varied in their methylation at the CHG and CG sites, respectively, the majority (1851 elements) were characterized by CHH methylation changes. Taken together, more repeats are evidently affected by modified asymmetric methylation between callus and leaves, as is the case for most genes at symmetric sites. However, retrotransposons and DNA transposons were unequally affected, and most elements could be discriminated in symmetric CHG methylation and in asymmetric CHH methylation, respectively.
Callus was characterized by hypo-and hypermethylated TEs and genes in all sequence contexts and on both DNA strands (Table 2, Figure 7 ). Genes were mostly affected at symmetric CG and CHG sites and more genes were hypomethylated (708) than hypermethylated (252) in callus, as similarly observed for retrotransposon superfamilies, namely Ty1-copia (430 versus 274), Ty3-gypsy (251 versus 199) and L1/LINE (251 versus 140). Instead, for DNA transposons, most cytosines were affected at the CHH sites and most of them were hypermethylated in callus (1316 versus 535). In contrast, the CG and CHG sites were more often hypomethylated in callus. The higher hypermethylation frequency at the CHH sites than at the CG and CHG sites indicates that asymmetric methylation might complement symmetric methylation at TEs in callus.
The LTR retrotransposons families Beetle7 (Ty3-gypsy retrotransposons), Cotzilla (Ty1-copia retrotransposons) and Elbe3-2 (env-like retrotransposon of the Ty3-gypsy superfamily) are the most abundant retrotransposons in sugar beet. They comprise large (peri)centromeric regions (Beetle7), are located in the intercalary heterochromatin (Cotzilla) and are also dispersed (Elbe3-2) on all chromosomes (Weber et al., 2010 Wollrab et al., 2012) . Therefore we focused analyzing the methylation differences of copies between leaves and callus (Data S2). Overall, for the three retrotransposon families, average methylation differences among all analyzed copies were detectable between leaves and callus in the CG, CHG and CHH sequence sites (Table 3) . Interestingly, in members of the Elbe3-2 and Cotzilla families, the CG sites were only hypermethylated in callus, whereas a few Beetle7 copies were characterized by hypomethylated CG sites (Figure 8a ). All copies of all families showed strong hypermethylation of CHG sites in callus (Figure 8b ). The detection in Beetle7 of most hypomethylated copies at CHH sites in contrast to Elbe3-2 and Cotzilla (Figure 8c ) was peculiar. Notably, many Cotzilla copies were hypermethylated in callus, whereas more Elbe3-2 copies were hypomethylated. The Beetle7 family consisted of a similar number of copies that were either hyper-or hypomethylated (Figure 8d) .
The positions of significant differences in cytosine methylation (P < 0.01; at least 25% difference) between leaves and callus were strand-specifically visualized on the reference genome at CG, CHG and CHH sites. Characteristic patterns of genome-wide distributed differential cytosine methylation were observed. Chromosome 1 of the reference genome was chosen to illustrate the distribution of differences in cytosine methylation within genes and TEs (Figure 9 ). The remaining chromosomes had similar patterns of alteration of cytosine methylation ( Figure S3) , showing that (i) all chromosomes were affected by methylation differences and (ii) that only a few chromosome loci were predominantly involved in hypo-or hypermethylation events. However, differentially methylated CHH sites in DNA transposons occurred much more frequently on both chromosome arms, with predominant exclusion from regions of the chromosomes corresponding to large et al., 2013) . Here, we studied the cytosine methylation of TEs and genes in sugar beet by means of genome-wide bisulfite sequencing. Dynamic patterns of methylation (hypo-and hypermethylated loci) in TEs and genes were compared between sugar beet leaves and a 7-month-old leaf-derived callus.
Repetitive DNA determines genome-wide levels of cytosine methylation at CG, CHG and CHH sites
In general, the relationship of genome-wide methylation levels between CG, CHG and CHH sites in sugar beet is similar to that of other flowering plants (Feng et al., 2010) : CG methylation is the most frequent, followed by CHG methylation and the less frequent CHH methylation. However, the genome-wide methylation levels of 73.6%, 52.9% and 10.9% at symmetric CG and CHG and asymmetric CHH sites, respectively, are higher than those in the model plant Arabidopsis with 24%, 6.7% and 1.7% (Cokus et al., 2008) . The balanced pattern between methylated and non-methylated cytosines at CHH sites might be due to the sequence context in which the asymmetric cytosine occurs. In Arabidopsis, a high correlation of CHH methylation was found within several nucleotides downstream of the methylated CG sites and a tendency to CHH methylation was visible four nucleotides downstream of methylation at CHG sites (Cokus et al., 2008) . Therefore, repeats rich in CG and CHG methylation might induce increased levels of CHH methylation in the described sequence context. The fraction of repetitive DNA in plant genomes makes a large contribution to the variation in the extent of the genome-wide methylation, but other factors, such as life cycle or adaptation to environmental factors, might also play an important role. In total, 64% of the sugar beet genome consists of repetitive DNA (Kowar et al., 2016) , whereas a much smaller proportion of repeats is present in the Arabidopsis genome (Kaul et al., 2000) . Repetitive DNA is known to be characterized by high levels of symmetric methylation (Cokus et al., 2008; Lisch, 2009; Zemach et al., 2010) . Consequently, the highly abundant repeats of the sugar beet genome (Kowar et al., 2016) are responsible for the increased mean CG and CHG methylation levels. Therefore, variation in the extent of average methylation between different plants is largely caused by the genomewide number and size of repeats. Short interspersed nuclear elements (SINEs), non-autonomous retrotransposons, are present at an abundance of approximately 3.7% in the sugar beet reference sequence and their methylation has recently been analyzed with bisulfite sequencing, revealing elevated levels of CHH methylation (Schwichtenberg et al., 2016) . Satellite DNA, another major repeat class besides TEs, makes up approximately 75 Mbp of the sugar beet genome (Kowar et al., 2016) . However, satellites are only fragmentarily included in the reference sequence (only 0.5 Mbp) due to ambiguities of assembly during the integration of large tandem arrays that consist of identical or similar monomers in second-generation sequence technologies (Treangen and Salzberg, 2012) . Therefore, to avoid a strong bias leading to false conclusions and interpretations with respect to the lower representation of satellite DNA sequences than that of other repeats in the reference sequence, we did not determine the methylation pattern of satellite DNA. Nevertheless, previously, we have extensively examined satellite cytosine methylation in sugar beet (Zakrzewski et al., 2011 Schmidt et al., 2014) and observed high CHH methylation. The reason for the overall higher CHH methylation of sugar beet than that of Arabidopsis might be the elevated levels of CHH methylation in SINEs (Schwichtenberg et al., 2016) and in DNA transposons (this study) and the high abundance of retrotransposons with slightly higher CHH levels. Furthermore, we expect that increased CHH methylation levels in sugar beet will be detectable when all repetitive DNA sequences, especially satellite DNA, are integrated into the genome, for instance, by third-generation sequencing and improved assembly technologies (VanBuren et al., 2015) . Therefore, we suggest that the average methylation levels of CG, CHG and CHH sites in plant genomes in general might be even higher than those detected by bisulfite sequencing thus far. However, genome-wide levels of methylation in plants might also not be determined precisely due to overrepresentation of highly methylated sequence reads in whole-genome bisulfite sequencing approaches (Ji et al., 2014) . For future analysis, the majority of the repetitive DNA sequences will have to be included in genome assemblies and overrepresentation of methylated sequence reads will have to be taken into account to increase the accuracy of determination of cytosine methylation levels (Ji et al., 2014) . From the fragmentary annotation of repetitive DNA in the sugar beet reference sequence, the up-and downstream genomic regions of genes were clearly more methylated than those of TEs. This effect is observed for the CG, CHG and CHH methylation contexts as detected in the flanking 250 or so base pairs. TEs often accumulate in repeat-rich heterochromatic TE clusters detectable in intercalary or (peri)centromeric regions, but also dispersed along chromosomes (Schmidt and Heslop-Harrison, 1998; Kowar et al., 2016) . TE-rich heterochromatin is characterized by high methylation levels due to RNA-directed DNA methylation (RdDM) (Henderson and Jacobsen, 2007) , with high methylation levels at the TE body but also in adjacent TE-rich regions as a consequence. In contrast, genes have lower levels of CG, CHG and CHH methylation in the gene body than the neighbouring DNA. An explanation is provided by the fact that in Arabidopsis genomic regions corresponding to siRNAs are highly correlated with CG, CHG and CHH methylation, consistent with the molecular nature of RdDM (Cokus et al., 2008) . RdDM acts at TEs but not at transcribed genes (Henderson and Jacobsen, 2007) , resulting in reduced methylation levels in the gene body, as observed in adjacent genomic regions.
Asymmetric CHH methylation is very different between callus and leaves at short TEs and DNA transposons
The repeat-wide, approximately 13 000 CHH sites with a modified methylation status (4026 hypomethylated versus 8986 hypermethylated repeats) in callus suggest a role for asymmetric methylation in the regulation of repetitive DNA, implying the potential involvement of asymmetric CHH sites as an epigenetic target for the modulation of the epigenetic repeat status that is triggered by changing environmental conditions such as in vitro cultivation. Among the sugar beet TEs, the highest number of methylation differences occur in DNA transposons at CHH sites. Remarkably, on the superfamily level of Ty1-copia, Ty3-gypsy and L1/LINE retrotransposons, the differences at the CHG methylation are stronger than those at the CHH methylation, demonstrating that TEs are differentially regulated at the symmetric and asymmetric methylation levels. However, the (peri)centromeric retrotranposon Beetle7 is strongly hypomethylated at CHH sites in callus, indicating family-specific differences in methylation among retrotransposons. A further explanation might be the chromosomal position: Beetle7 clusters in centromeric chromatin and therefore might be more differentially methylated at CHH sites than Elbe2-3 (with a dispersed localization) and Cotzilla (intercalary heterochromatin).
Regarding the TE superfamilies, RdDM might act specifically, probably due to a different transcription, leading to different amounts and types of TE-derived transcripts (such as small RNAs). In rice, short TEs and non-TE repeats (≤1 kb) are particularly frequently methylated at CHH sites (Zemach et al., 2010) . Similarly, all sugar beet SINEs (short TEs) are also characterized by higher degrees of CHH methylation compared with their flanking regions (Schwichtenberg et al., 2016) , indicating that although they belong to class II TEs the length of the TEs might be inversely correlated with the level of CHH methylation (Zemach et al., 2010 ). An explanation might be that the various classes of TEs are regulated by different cytosine methylation patterns. Whereas strong CG and CHG methylations play a dominant role in silencing of all TEs, CHH methylation is mostly restricted to silencing of DNA transposons and SINEs by small RNA-guided mechanisms, as discussed for DNA transposons in Arabidopsis endosperm (Hsieh et al., 2009 ). An example of increased CHH methylation levels and a function in DNA transposons has been given in maize: methylated CHH islands at DNA transposons influenced the expression of adjacent genes (Gent et al., 2013) . The DNA transposons associated with the highest levels of 24-nucleotide siRNAs and CHH methylation were enriched near the maize genes. For SINEs, a similar mechanism may be postulated because 30% of all SINE copies in Solanaceae genomes are associated with genes, very frequently in introns and untranslated regions (UTRs), and more than 10% of all genes contain at least one SINE insertion, with the extreme example of a metallophosphoesterase gene of pepper (Capsicum sp.) which harbors 16 SINE copies . Therefore, we propose that DNA transposons and SINEs in sugar beet also influence gene expression in euchromatic generich regions (Menzel et al., 2006 (Menzel et al., , 2012 Schwichtenberg et al., 2016) , because they might be targets for siRNAdirected CHH methylation. Accordingly, increased CHH methylation levels of small dispersed satellite DNA arrays (in the presence of corresponding 24-nucleotide siRNAs) in euchromatic regions hint at a functional role for small satellite arrays in gene silencing via CHH methylation . However, high levels of CHH methylation are most probably a characteristic feature of satellites in general and have also been reported for highly abundant sugar beet satellite DNA localized in large heterochromatic blocks and centromeric chromatin (Zakrzewski et al., 2011) , because CHH methylation, as postulated, might be involved in heterochromatization (Pikaard et al., 2012) . CG, CHG and CHH methylations participate in the formation and maintenance of heterochromatin in addition to histone modification, such as lysine methylation of histone H3. Sugar beet LTR retrotransposons, which are mostly located in heterochromatic, transcriptionally inactive regions (Weber and Schmidt, 2009; Weber et al., 2013; Zakrzewski et al., 2013; Dohm et al., 2014; Kowar et al., 2016) , are highly CG and CHG methylated. Based on the model proposed by Pikaard et al. (2012) , we hypothesize that Ty1-copia and Ty3-gypsy retrotransposons and large satellite arrays contribute to the formation of large heterochromatic regions because of their high CG and CHG methylation levels (and CHH methylation for satellites). These retrotransposons are transcribed by POLYMERASE IV into single-stranded RNAs, and double-stranded RNAs are subsequently generated by RNA-DEPENDENT RNA POLYMERASE and processed into 24-nucleotide siRNAs by DICER-LIKE3. The 24-nucleotide siRNAs are loaded on ARGOUNAUTE4 which recognizes POLYMERASE V transcripts from repeats complementary to the incorporated 24-nucleotide siRNA. DOMAIN REARRANGED DNA METHYLTRANSFERASE2 associated with the ARGOU-NAUTE complex induces de novo cytosine methylation at the CG and CHG sites (and CHH sites for satellite DNA) as an important step toward the establishment and maintenance of heterochromatin (Peng and Karpen, 2008; Pikaard et al., 2012) .
Reduced levels of genome-wide methylation in callus may affect gene expression and TE activation DNA methylation is an important epigenetic modification that regulates gene expression and protects the genome against TE activity (Chan et al., 2005) . Here, we demonstrated that the levels of cytosine methylation at genes and many retrotransposons are reduced in callus (hypomethylation) compared with leaves, although the methylation patterns for TEs and genes at CG, CHG and CHH sites are similar. Hence, callus induction might lead to changes in gene expression networks and to transposition and mutations of TEs (Law and Jacobsen, 2010) . Transcriptional activation and transposition of even a small number of retrotransposons might have dramatic consequences because of the mostly random integration of novel copies. An active retrotransposon copy might produce a large number of novel copies, leading to many new transposition events, also known as amplification burst (Piegu et al., 2006) . Consequently, insertional mutations might affect gene expression by interruption of the coding gene sequences or splicing of genes or by jumping into gene transcription-mediating regulatory elements (Lisch, 2013; Ong-Abdullah et al., 2015) . Even slightly reduced DNA Figure 9 . Distribution of differential cytosine methylation between leaves and callus of sugar beet at chromosome 1. Representation of chromosome 1 size (named Bvchr1 and shown to scale) from the reference genome sequence . Differential cytosine methylation within genes, Ty1-copia retrotransposons, Ty3-gypsy retrotransposons, long interspersed nuclear elements of the L1 type (L1/LINE) retrotransposons and DNA transposons are shown as dots for the CG, CHG and CHH sites in the original bottom (OB) and original top (OT) strands. The upper three arrowheads depict differential cytosine methylated gene sequences and co-localized differentially methylated Ty1-copia retrotransposons, whereas the bottom arrowhead depicts a differential cytosine methylated gene sequence and a co-localized differentially methylated DNA transposon. Differential cytosine methylation within these sequence classes on chromosomes 2-9 is shown in Figure S3 .
© (Cedar and Bergman, 2009) . We suppose that hypomethylation is not the only epigenetic mechanism that is altered in callus. Histone modification patterns might be modified in addition to the regulatory small RNA networks (Saze et al., 2012) and contribute, together with the observed DNA methylation changes, to the de-differentiation phenotype in callus. Thus, the impact of hypomethylation in callus of the important crop sugar beet needs to be assessed in plants regenerated from callus, because of the importance in sugar beet breeding and propagation programs.
TEs and genes are potential epialleles between leaves and callus
Despite the similar average methylation patterns along genes and TEs at the CG, CHG and CHH sites in leaves and callus, our analysis shows that 960 genes and 3769 TEs have differential cytosine methylation levels in callus. The genes and retrotransposon superfamilies Ty1-copia, Ty3-gypsy and env-like retrotransposons, and L1-LINEs were more hypomethylated than hypermethylated in callus compared with leaves, consistent with the observed hypomethylation upon callus induction in rice and maize (Stroud et al., 2013; Stelpflug et al., 2014) . Callus induction under tissue culture conditions coincides with the onset of dedifferentiation programs and alterations in the transcriptome (Sugimoto et al., 2011) and might be partially due to cytosine hypomethylation of genes (Shemer et al., 2015) . In sugar beet callus, the hypomethylation of retrotransposons and DNA transposons might lead to genomic rearrangements or instability, known as somaclonal variation, upon tissue culture (Tanurdzic et al., 2008) . Furthermore, hypomethylation might change gene expression as shown, for example, during tomato fruit ripening (Teyssier et al., 2008) . Such phenotypic consequences arising from epialleles in gene-associated regions and repeats have been observed in plants (Cubas et al., 1999; Johannes et al., 2009; Zhang et al., 2012) . Within genes, most methylation differences occurred in symmetric CG and CHG sites. In addition, methylation changes between leaves and callus were simultaneously detected at the CG and CHG sites, possibly hinting at a connection and redundancy in symmetric cytosine methylation pathways. Compared with the CHH sites in TEs, they were almost unaffected in genes, demonstrating that the CHH methylation frequency in genes is largely stable between callus and leaves. Interestingly, in leaves, increased methylation of CG and CHG sites was detected in a single Ty1-copia retrotransposon (rnd-3_family-193; Dohm et al., 2014) and in a single DNA transposon (rnd-5_family-173; Dohm et al., 2014) on chromosome 1, both associated with an increased CG and CHG methylation of genes (Bv1_00284 0_raok and Bv1_017161z1512_mgcx, respectively; Dohm et al., 2014) . These examples might demonstrate the potential influence of cytosine methylation of TEs on adjacent genes. However, for validation, functional analyses are necessary, for instance based on epigenetic editing (de Groote et al., 2012; Siddique et al., 2013; Stolzenburg et al., 2015) . The LTR retrotransposon families Beetle7 (Ty3-gypsy), Cotzilla (Ty1-copia), and Elbe3-2 (env-like) are highly abundant at pericentromeric and intercalary heterochromatin, or are dispersed along all chromosomes (Weber et al., 2010 Wollrab et al., 2012) . Members of the three families show specifically hypo-or hypermethylation in the CG, CHG and CHH sites in callus compared with leaves. The family-specific methylation differences indicate changes in DNA methylation of these retrotransposon families, most probably depending on their individual sequence composition, potential function or localization on chromosomes. Furthermore, the family-specific methylation changes of Beetle7, Cotzilla and Elbe3-2 might also point toward methylation modifications in particular chromosomal regions between leaves and callus. However, because of the hypomethylation at CHH sites of many Beetle7 copies, a potential role for asymmetric methylation in pericentromeric heterochromatin and centromeric chromatin may be hypothesized. Our study shows that TEs are a dynamic target with respect to changes in cytosine methylation between leaves and callus, although genome-wide methylation patterns of TEs are similar in both samples. The genome-wide dispersed, but locus-specific, methylation modification of TEs might be a response to possible stress and alterations in environmental conditions during callus growth. Loss of cytosine methylation in selected TEs might activate their transcription and might lead to their potential transposition, triggering genome mutations, driving plant stress responses and genome evolution and, finally, contributing to the shaping of plant phenotypes.
EXPERIMENTAL PROCEDURES Plant material and DNA isolation
Sugar beet (Beta vulgaris ssp. vulgaris genotype KWS 2320) plants were grown in the greenhouse. Callus material derived from young sugar beet leaf explants (KWS 2320) was harvested at the globular, creamy, undifferentiated stage from in vitro cultivation under a 12-h light/12-h darkness regime and at 25°C. Young leaves and callus material were separately pooled and ground in liquid nitrogen. Genomic DNA from leaves was isolated with the cetyltrimethylammonium bromide protocol (Murray and Thompson, 1980; Saghai-Maroof et al., 1984) and from callus material with the Plant II Mini Kit (Macherey-Nagel, http://www.mn-net.c om/) according to the manufacturer's instructions. Genomic DNA isolates were examined for high quality and quantity by spectrophotometry (NanoDrop, http://www.nanodrop.com/) and gel electrophoresis.
Preparation of callus
Leaf explants (2 cm long) were sterilized for 10 min in sodium hypochlorite and rinsed four times for 2 min with distilled water. The material was cultivated for 2 weeks on agar plates in the dark at 25°C and subsequently, under 12-h light/12-h darkness at 25°C on half strength Murashige and Skoog medium, and subcultured in 4-week intervals over 6 months.
Bisulfite sequencing of sugar beet leaves and callus DNA from sugar beet leaves and callus was bisulfite converted with the EpiTect Bisulfite Kit (Qiagen, http://www.qiagen.com/). Bisulfite sequencing was done on an Illumina HiSeq2000 platform (2 9 100-nucleotide read length). Raw reads were quality trimmed with TRIMGALORE and default parameters (http://www.bioinformatic s.babraham.ac.uk/projects/trim_galore/). By default, TRIMGALORE also trims nucleotides with a quality lower than 20 (Phred ≥ 20; base call error rate ≤1.0%) prior to adapter trimming and discards reads with a length of less than 20. For leaf DNA and for bisulfiteconverted callus DNA, 80 751 920 and 794 552 356 read pairs were quality trimmed, respectively.
Mapping of bisulfite sequencing reads and data analysis
Reads were mapped to the reference genome RefBeet1.1 of KWS2320, which is 596 Mbp in size . Mapping of all 80 751 920 read pairs from leaves and a set of randomly selected 60 000 000 read pairs of callus DNA against RefBeet1.1 resulted in coverages of the reference sequence of approximately 27 9 and 20 9 , respectively. For the mapping, BISMARK v.0.12.5 (Krueger and Andrews, 2011) with BOWTIE2 (Langmead and Salzberg, 2012 ) was used with the following Bismark parameters: -q -score-min L,0,-0.2 -ignore-quals -no-mixed -no-discordantmaxins 500 Option '-directional' specified (default mode); alignments to complementary strands (CTOT and CTOB) were ignored. Quantification trend plots along genes (transcription start site to transcription termination site), introns, repeats and different classes of TEs were generated with the software SEQMONK (http:// www.bioinformatics.babraham.ac.uk/projects/seqmonk/). Only cytosine positions that had been sequenced at least three times were included. Differences in cytosine sites between leaf and callus were detected via SEQMONK with the chi-square test (P < 0.01). Furthermore, only cytosine sites were considered in which a difference in methylation level of at least a 25% occurred.
Visualization of potential epialleles along chromosomes
Differences in the cytosine methylation level were visualized based on the genome features overlapping with the cytosine positions in the reference genome RefBeet 1.1. Chromosomes 1-9 (Bvchr1 -9) were constructed by means of the chromosomeassigned scaffolds (Bvchr*.sca*). Differential cytosine methylation within genes, Ty1-copia, Ty3-gypsy and env-like retrotransposons, L1/LINEs and DNA transposons was plotted individually for the CG, CHG and CHH sites in the top and bottom strands separately. Chromosome size and cytosine methylation changes were illustrated with GENEIOUS v.7.1.7 (Kearse et al., 2012) in combination with Java 1.7.0_51-b13.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Methylation patterns of all repeats in sugar beet callus and leaves. Figure S2 . Methylation patterns of introns in sugar beet callus and leaves. Figure S3 . Distribution of differential cytosine methylation at chromosomes 2-9 between leaves and callus of sugar beet. Data S1. Differentially methylated cytosine sites and the correspondingly affected gene or transposable element. Data S2. Differentially methylated cytosine sites at Beetle7, Cotzilla and Elbe3-2 retrotransposons.
